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ABSTRACT
The NGC 2024 FIR 5/6 region was observed in the 6.9 mm continuum with an angular resolution of about 1.5 arcsec.
The 6.9 mm continuum map shows four compact sources, FIR 5w, 5e, 6c, and 6n, as well as an extended structure of
the ionization front associated with the optical nebulosity. FIR 6c has a source size of about 0.4 arcsec or 150 AU.
The spectral energy distribution (SED) of FIR 6c is peculiar: rising steeply around 6.9 mm and flat around 1 mm. The
possibility of a hypercompact H II region is explored. If the millimeter flux of FIR 6c comes from hot ionized gas
heated by a single object at the center, the central object may be a B1 star of about 5800 solar luminosities and about 13
solar masses. The 6.9 mm continuum of FIR 6n may be a mixture of free–free emission and dust continuum emission.
Archival data show that both FIR 6n and 6c exhibit water maser activity, suggesting the existence of shocked gas around
them. The 6.9 mm continuum emission from FIR 5w has a size of about 1.8 arcsec or 760 AU. The SEDs suggest that
the 6.9 mm emission of FIR 5w and 5e comes from dust, and the masses of the dense molecular gas are about 0.6 and
0.5 solar masses, respectively.
Subject headings: H II regions – ISM: individual objects (NGC 2024) – ISM: structure – stars: formation
1. INTRODUCTION
The NGC 2024 region in the Orion B giant molecular cloud
is an active site of star formation at a distance of 415 pc from the
Sun (Anthony-Twarog 1982; Comero´n et al. 1996; Skinner et
al. 2003; Rodrı´guez et al. 2003). There is a molecular ridge run-
ning in the north–south direction that contains the dense cores
FIR 1–7 (Thronson et al. 1984; Barnes et al. 1989; Mezger et al.
1988, 1992; Visser et al. 1998). Some of the dense cores con-
tain protostars and exhibit star formation activities such as col-
limated outflows and an H2O maser (Genzel & Downes 1977;
Richer et al. 1989, 1992; Richer 1990; Chernin 1996; Chandler
& Carlstrom 1996).
The molecular ridge is interacting with an expanding H II
region (Gaume et al. 1992). The bright emission from the H
II region makes it difficult to study the young stellar objects
(YSOs) in the radio and IR bands. Interferometric observations
can filter out the extended emission from the H II region and
provide detailed images of the compact objects in this region
(Wilson et al. 1995; Chandler & Carlstrom 1996).
The dense core NGC 2024 FIR 6 may contain a protostar and
was resolved into two objects in millimeter images (Chandler &
Carlstrom 1996; Visser et al. 1998; Lai et al. 2002). The nature
of the brighter source, FIR 6c, is not clear. The other member
of the binary system, FIR 6n, is the driving source of a bipolar
outflow with a very short (400 yr) timescale (Richer 1990; Alves
et al. 2011).
The dense core FIR 5 may contain embedded protostars
though the evolutionary status is not clear (Chandler & Carl-
strom 1996; Visser et al. 1998). The interferometric imaging in
the 3.1 mm continuum by Wiesemeyer et al. (1997) showed that
FIR 5 is a binary system. More sensitive imaging in the 1.3 mm
continuum by Lai et al. (2002) showed that the FIR 5 system is a
complex of several compact sources. The brightest one, FIR 5w,
is probably the driving source of the highly collimated unipolar
outflow flowing to the south (Alves et al. 2011).
In this paper, we present the results of our observations of
the NGC 2024 FIR 5/6 region in the 6.9 mm continuum with
the Very Large Array (VLA) of the National Radio Astronomy
Observatory (NRAO). We describe our radio continuum obser-
vations in Section 2. Two archival data sets with the H2O maser
observations are described in Section 3. In Section 4, we re-
port the results of the radio imaging. In Section 5, we discuss
the star-forming activities in the FIR 5/6 region. A summary is
given in Section 6.
2. OBSERVATIONS
The NGC 2024 FIR 5/6 region was observed using the VLA
in the standard Q-band continuum mode (43.3 GHz or λ = 6.9
mm). Twenty-five antennas were used in the D-array configu-
ration on 2003 March 30. The phase-tracking center was α2000
= 05h41m44.s69, δ2000 = –01◦55′52.′′5, which is the midpoint
between FIR 5 and 6.
The phase was determined by observing the nearby quasar
0532+075 (PMN J0532+0732). The flux was calibrated by set-
ting the flux density of the quasar 0542+498 (3C 147) to 0.72
Jy, which is the flux density measured within a day of our obser-
vations (VLA Calibrator Flux Density Database4). Comparison
of the amplitude gave a flux density of 1.04 Jy for 0532+075.
To avoid the degradation of sensitivity owing to pointing er-
rors, pointing was referenced by observing the calibrators in the
X band (λ = 3.6 cm). This referenced pointing was performed
about once an hour and just before observing the flux calibrator.
Maps were made using a CLEAN algorithm. With a natural
weighting, the 6.9 mm continuum data produced a synthesized
beam of 2.′′2 × 1.′′6 in full width at half-maximum (FWHM).
3. ARCHIVAL DATA
In addition to our data, we also analyzed two VLA data sets
retrieved from the NRAO Data Archive System. We searched
for H2O maser observations of the FIR 5/6 region to investi-
gate the source identification issue raised previously (see Sec-
tion 4.3.4 of Furuya et al. 2003). In this paper, we present the
results of the NRAO project AC 443.
Twenty-seven antennas were used in the B-array configura-
tion on 1995 November 17 and in the C-array configuration on
4See http://aips2.nrao.edu/vla/calflux.html.
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Fig. 1.— Maps of the λ = 6.9 mm continuum emission toward the NGC 2024 FIR 5/6 region. The contour levels are 1, 2, 4, 8, and 16 × 0.3 mJy
beam−1. Dashed contours are for negative levels. (a) Map made with the whole data set. The rms noise is 0.11 mJy beam−1. Shown in the bottom
right-hand corner is the synthesized beam: FWHM = 2.′′2 × 1.′′6 with P.A. = 0◦. (b) Map made with the data having the uv length larger than 12 kλ
and with a natural weighting. The rms noise is 0.12 mJy beam−1. The synthesized beam has FWHM = 2.′′1 × 1.′′5 with P.A. = 0◦. Large plus signs:
the 3.1 mm continuum sources (Wiesemeyer et al. 1997). Small plus signs: the 3.6 cm continuum sources (Rodrı´guez et al. 2003). Star symbols:
near-IR sources listed in the 2MASS Point Source Catalogue. IRS 3 and IRS 22 are labeled. Crosses: X-ray sources (Skinner et al. 2003).
TABLE 1
NGC 2024 CONTINUUM SOURCE PARAMETERS
Peak Positiona 6.9 mm Flux Densityb Associated
Source αJ2000.0 δJ2000.0 Peak Total Objectsc
FIR 5w 05 41 44.24 –01 55 41.2 3.31 ± 0.14 7.8 ± 0.7 LCGR 4, VLA 10
FIR 5e 05 41 44.56 –01 55 42.3 0.64 ± 0.13 1.3 ± 0.2 LCGR 6
FIR 6c 05 41 45.14 –01 56 04.4 2.99 ± 0.14 3.8 ± 0.4 . . .
FIR 6n 05 41 45.17 –01 56 00.5 0.71 ± 0.13 Unresolved VLA 14
SCP 05 41 45.47 –01 55 25.5 10.24 ± 0.21 > 610d VLA 17
NOTES.—For the compact sources (FIR 5w, 5e, 6c, and 6n), the source parameters are based
on the optimized map (Figure 1(b)). For SCP, they are based on the map made without the uv
restriction (Figure 1(a)).
a Units of right ascension are hours, minutes, and seconds, and units of declination are degrees,
arcminutes, and arcseconds.
b Flux densities are in mJy beam−1 or mJy, corrected for the primary beam response.
c Source numbers from LCGR: Lai et al. (2002); VLA: Rodrı´guez et al. (2003).
d SCP extends beyond the boundary of the field of view.
1996 March 15. For the H2O 616 → 523 line (22.235077 GHz),
the spectral window was set to have 128 channels with a chan-
nel width of 0.049 MHz, giving a velocity resolution of 0.66
km s−1. The phase-tracking center was α1950 = 05h39m13.s6,
δ1950 = –01◦57′30.′′0, which is within 1′′ from the 6.9 mm peak
position of FIR 6c. The phase calibrator was the quasar 0607–
085 (QSO B0605–0834). With a uniform weighting, the B-array
data produced a synthesized beam of FWHM = 0.′′38 × 0.′′29
with a position angle (P.A.) of 0◦, and the C-array data pro-
duced a synthesized beam of FWHM = 1.′′01 × 0.′′80 with P.A.
= –1◦.
4. RESULTS
4.1. Continuum Emission
Figure 1 shows maps of the 6.9 mm continuum toward the
NGC 2024 FIR 5/6 region, and Table 1 lists the continuum
source parameters. Figure 1(a) shows the map made with the
2
[See http://minho.kasi.re.kr/Publications.html for the original high-quality figure.]
Fig. 2.— Color composite image of the 3.6 (blue), 4.5 (green), and 5.8 (red) µm bands toward the NGC 2024 region from the Spitzer data archive.
Small squares: the 6.9 mm continuum sources. Large square: the VLA field of view at 6.9 mm (the area shown in Figure 1).
whole data set. In addition to the compact sources associated
with FIR 5 and 6, the northern edge of the map is dominated by
an extended source. This structure is a part of the southern com-
pact peak (SCP) that has been imaged at longer wavelengths
(Crutcher et al. 1986; Barnes et al. 1989; Gaume et al. 1992).
SCP is an ionization front associated with the optical/IR nebu-
losity and several IR/X-ray sources (Figures 1(b) and 2).
Despite the name, SCP is a very extended structure with re-
spect to our resolution and produces spurious features of stripes
oriented east–west. In Figure 1(a), the area around FIR 5 is af-
fected by a negative stripe, and the FIR 6 area is affected by a
positive one. Since most of the flux of the SCP is in the extended
structure, the unwanted effects of the SCP on neighboring areas
can be reduced by excluding the visibility data of short base-
lines. Imaging can be done using the visibility data with the
uv length larger than a certain value (Rminuv ). Several values of
Rminuv were tried, and the location and intensity of the spurious
stripe features were examined. We found that an optimal value
for the imaging of FIR 5/6 is Rminuv = 12 kλ. (The uv spacing in
the whole data set ranges from 3.6 to 149.0 kλ.)
Figures 1(b) and 3 show the optimized map. Some weak fea-
tures in the FIR 5 and 6 areas became detectable. Four compact
sources were detected: FIR 5w, 5e, 6c, and 6n. The 6.9 mm com-
pact sources are not associated with any IR/X-ray point source
(Figure 1(b)). Limiting the uv space can cause some extended
flux missing, and excluding the data in the uv space shorter than
12 kλwould suppress structures larger than∼17′′. Since the an-
gular separation of each of the FIR 5/6 binary systems is ∼4′′
(much smaller than 17′′), it is unlikely that the measured flux
densities of these compact sources are significantly affected by
the imaging procedure.
To understand the effect of excluding the short-spacing data,
subregions of the map from the whole data set (Figure 1(a))
were fitted with two elliptical Gaussian objects: a compact one
Fig. 3.— Map of the λ = 6.9 mm continuum emission toward the FIR 6
region, made withRmin
uv
= 12 kλ and a uniform weighting. The contour
levels are 1, 2, 3, 4, 5, 6, and 7 × 0.3 mJy beam−1. Shown in the
bottom left-hand corner is the synthesized beam: FWHM = 1.′′6 × 1.′′4
with P.A. = 0◦. Open triangles: H2O maser sources.
representing a compact source and an extended one represent-
ing the spurious stripe of the SCP. The total flux of the compact
object from the double Gaussian fit would be larger than the
corresponding value from the optimized map (Table 1), if a sig-
nificant amount of flux is missing as a result of limiting the uv
space. For the FIR 5 region, the double Gaussian fit gives a total
flux density of 4.8 mJy for the compact object (FIR 5w), which
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TABLE 2
NGC 2024 FIR 6 WATER MASER SOURCE PARAMETERS
Peak Positiona VLSR Peak Flux Density
Source Epoch αJ2000.0 δJ2000.0 (km s−1) (Jy beam−1)
FIR 6c 1996 Mar 15 05 41 45.147 –01 56 04.01 –8.4 0.32 ± 0.01
FIR 6nb 1995 Nov 17 05 41 45.161 –01 56 00.62 11.3 20.39 ± 0.02
1996 Mar 15 05 41 45.171 –01 56 00.56 11.3 67.21 ± 0.02
a Units of right ascension are hours, minutes, and seconds, and units of declination are de-
grees, arcminutes, and arcseconds.
b The peak velocity and flux densities are from the smoothed spectra (Figure 4(b)–(c)).
is smaller than the value from the optimized map. While the
spurious negative stripe is affecting the flux measurement, it is
not clear if or not the measured flux of FIR 5w is reduced as a
result of the restriction of uv space. For the FIR 6 region, the
double Gaussian fit gives a total flux density of 4.1 mJy for the
compact object (FIR 6c), which agrees with the value from the
optimized map within the uncertainty. Therefore, we conclude
that excluding the short-spacing data did not significantly affect
the measured flux densities of the compact sources.
4.2. Water Maser
From the AC 443 data set, H2O maser sources were de-
tected in the FIR 6 region. Only one source was detected in
1995 November, and it is associated with FIR 6n. Two sources
were detected in 1996 March, one associated with FIR 6c and
the other with FIR 6n. The maser source parameters are listed
in Table 2, and the spectra are shown in Figure 4.
The FIR 6c maser is relatively weak. The maser peak po-
sition coincides with the 6.9 mm continuum source position
within 0.′′4 (Figure 3). This maser source has not been reported
before.
The FIR 6n maser is much stronger than the FIR 6c maser.
The peak velocity of the FIR 6n maser in the two observing
epochs remained the same. In addition to the narrow line core,
the spectra show a blueshifted line wing extending down to
VLSR ≈ 5 km s−1 (Figure 4).
5. DISCUSSION
5.1. FIR 6
Both NGC 2024 FIR 6c and 6n appear compact in the 6.9
mm maps, and they are well separated, with little material sur-
rounding them (Figure 3; Lai et al. 2002; Alves et al. 2011).
The projected separation of FIR 6c–6n is 3.′′9 or 1600 AU at a
distance of 415 pc. The FIR 6c–6n system was also marginally
resolved in the 450 µm continuum map of Visser et al. (1998),
and FIR 6c is stronger than 6n.
5.1.1. FIR 6c
Though FIR 6c is much brighter than 6n in the millimeter
and submillimeter range, its nature is less clear. There is no
known outflow driven by FIR 6c. Note that FIR 6c was not de-
tected in the 3.6 cm continuum while 6n was clearly detected
(Rodrı´guez et al. 2003). The detection of the H2O maser at a
velocity blueshifted by∼20 km s−1 with respect to the ambient-
gas velocity suggests that FIR 6c has an outflow activity.
The 6.9 mm continuum image (Figure 3) shows that FIR 6c
is marginally resolved. A two-dimensional Gaussian fit gives a
Fig. 4.— Spectra of the H2O maser line. (a) Spectrum of FIR 6c from
the C-array observations in 1996 March. (b) Spectrum of FIR 6n from
the B-array observations in 1995 November. (c) Spectrum of FIR 6n
from the C-array observations in 1996 March. To reduce the ringing
artifact, the spectra of FIR 6n were smoothed using a Hanning window
over three channels. Vertical dotted line: velocity of the ambient dense
gas (VLSR = 11.3 km s−1; Schulz et al. 1991).
deconvolved source size of FWHM = 0.′′8 × 0.′′2 with P.A. =
–41◦, which corresponds to 330 × 80 AU2 at 415 pc.
Figure 5(a) shows the spectral energy distribution (SED) of
FIR 6c, which is useful in understanding the origin of the 6.9
mm continuum emission. SEDs can be described using a power-
law form, F ∝ να, where F is the flux density, ν is the fre-
quency, and α is the spectral index. The centimeter–millimeter
SED of a YSO usually has two components (Reynolds 1986;
Anglada et al. 1998). On the short wavelength side, the emis-
sion comes from the dust in a disk/envelope system and shows
a large spectral index (α & 2). On the long wavelength side,
the emission comes from ionized gas (usually free–free emis-
4
Fig. 5.— (a) SEDs of FIR 6 sources. Filled circles: FIR 6c. Open circles: FIR 6n. Filled squares: FIR 6 (including 6c and 6n). Filled triangle: peak
flux density of FIR 6c at 1.3 mm (Lai et al. 2002). Y sign: upper limit for the flux density of FIR 6c at 3.6 cm. (b) SEDs of FIR 5 sources. Filled
circles: FIR 5w. Open circles: FIR 5e. Filled squares: FIR 5 (including 5w and 5e). Flux densities are from Rodrı´guez et al. (2003), this work,
Wiesemeyer et al. (1997), Alves et al. (2011), and Visser et al. (1998). The flux uncertainties are smaller than the size of markers.
sion from a thermal radio jet) and shows a small spectral index
(α . 1). At further longer wavelengths, the free–free emission
can become optically thick, and the spectral slope can become
steeper.
The slope in the (6.9 mm, 3.1 mm) section is very steep:
α ≈ 4.3. By contrast, the (3.1 mm, 0.87 mm) section is quite
flat: α ≈ 0.1. Such a flat spectrum around 1 mm is unusual for a
YSO. The 3.1 mm flux density of Wiesemeyer et al. (1997) can-
not be very wrong because it is consistent with those reported
by Chandler & Carlstrom (1996). To check if the 0.87 mm flux
of Alves et al. (2011) is in error, the 1.3 mm flux of Lai et al.
(2002) is plotted in Figure 5(a), which confirms that the SED
of FIR 6c is indeed flat. Therefore, we conclude that the mil-
limeter SED of FIR 6c has a peculiar shape: very steep on the
long-wavelength side of the millimeter band and very flat on the
short-wavelength side.
It is unlikely that continuum emission from dust can display
such a shallow slope around ∼1 mm. Since the spectral index
is not highly negative, non-thermal radiation is also unlikely.
The most likely possibility is that the millimeter continuum may
come from free–free emission. The break of slope near 3.1 mm
probably indicates a transition of optical depth.
Among the known types of YSOs, only hypercompact (HC)
H II regions can produce SEDs similar to the one described
above. HC H II regions typically have a small size (< 0.03 pc),
high electron density (105–106 cm−3), and high emission mea-
sure (> 108 pc cm−6; Kurtz 2000; Beuther et al. 2007; Sewiło et
al. 2011). They are considered objects more evolved than a hot
molecular core and younger than an ultracompact H II region
(Kurtz 2000).
Assuming that FIR 6c has a structure similar to that of HC
H II regions, i.e., hot ionized gas confined by a dense molecular
core, interesting physical parameters can be derived. For free–
free emission, the emission measure can be calculated by
EM ≈ 12.1 ν2.10 T
1.35
e , (1)
where EM is in pc cm−6, ν0 is the turnover frequency in GHz,
and Te is the electron temperature in K (Rohlfs & Wilson 2006).
The SED of FIR 6c gives ν0 ≈ 100 GHz. Assuming Te = 104
K, the derived emission measure is EM ≈ 5 × 1010 pc cm−6,
which is very high even for an HC H II region. Given the 6.9
mm source size (∼0.′′4 or 7 × 10−4 pc), this EM implies an
electron density of ∼8 × 106 cm−3.
The high electron density implies that the HC H II region
should be either confined by extremely dense molecular gas
(with a density about two orders of magnitude higher than
the electron density) or rapidly expanding. The density of the
molecular gas in the FIR 6 region has so far been measured
with single-dish observations. Schulz et al. (1991) derived 4 ×
106 cm−3 for the CS-6 clump using the CS J = 5 → 4 and 7
→ 6 lines. Watanabe & Mitchell (2008) derived 2 × 106 cm−3
using the H2CO JK
−1K+1 = 303 → 202 and 505 → 404 lines.
These estimates are lower limits of the density of the molecular
gas that may be immediately surrounding the FIR 6c HC H II
region. Interferometric observations in high-density tracer lines
are needed to directly investigate the presumed extremely dense
molecular gas. The detection of the H2O maser suggests that
high-density (∼109 cm−3; Elitzur 1992) gas exists in the FIR
6c region, at least locally. The other possibility, i.e., the rapid
expansion of the HC H II region, can be tested in the future with
high-resolution imaging observations over several years.
The number of ionizing photons can be calculated using the
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equations given by Kurtz et al. (1994):
Nc ≈ 7.6× 10
48 ν0.1 T−0.5e Sν D
2, (2)
where Nc is in photons s−1, ν is the frequency in GHz, Sν is
the flux density in Jy, and D is the distance in kpc. For FIR 6c,
the flux is ∼0.12 Jy in the (3.1 mm, 0.87 mm) section, and the
derived Lyman continuum flux is Nc ≈ 2.6 × 1045 photons
s−1. If this photon flux comes from a single zero-age-main-
sequence star, it would correspond to a B1 star with a lumi-
nosity of ∼5800 L⊙ and a mass of ∼13 M⊙ (Panagia 1973;
Lang 1992). Such a high luminosity is not impossible, consid-
ering that the total IR luminosity of the NGC 2024 complex is
9.1 × 104 L⊙ (Mezger et al. 1988).
It would be interesting to compare the mass of the central
star with that of the molecular clump/core containing FIR 6c.
However, the mass estimates in the literature have a large scat-
ter, depending on the tracers and assumptions (see Section 1
of Watanabe & Mitchell 2008). Mezger et al. (1992) derived a
mass of 8.3 M⊙ for the molecular cloud core with a size of 12′′
× 7′′ based on the 870–1300µm continuum. Visser et al. (1998)
derived 3.3M⊙ for the molecular core within a 14′′ beam based
on the 800 µm continuum. Watanabe & Mitchell (2008) derived
2.0 M⊙ for the core within a 15′′ beam based on the 850 µm
continuum (Johnstone et al. 2006) and the temperature derived
from H2CO lines. Molecular line maps are more difficult to in-
terpret because the line peak positions are sometimes different
from the continuum peak position. Schulz et al. (1991) derived
a mass of∼22M⊙ in a 20′′ beam for the CS-6 molecular clump
based on CS lines. In summary, the estimated mass of the dense
core ranges from 2 to 22 M⊙, suggesting that calculations with
simple assumptions cannot easily capture the physical condi-
tions of FIR 6c, probably owing to the highly inhomogeneous
environment.
Another peculiarity of FIR 6c is the extremely steep SED
around 6.9 mm, which is difficult to explain. Other HC H II
regions typically show spectral slopes of α ≈ 1 (Sewiło et al.
2011). A possible answer would be a time variability of flux.
NGC 7538 IRS 1 is an example of HC H II region display-
ing a time variability (Franco-Herna´ndez & Rodrı´guez 2004).
Sandell et al. (2009) suggested that the H II region of IRS 1
is dominated by an ionized jet and that the free–free emission
from the jet is variable because the accretion rate varies with
time. Future observations with higher angular resolutions over
a wide range of wavelength would be helpful in understanding
the nature of FIR 6c. If FIR 6c is indeed an HC H II region con-
taining a B1 star, it would be one of the nearest examples of
high-mass YSO at this critical stage of evolution.
5.1.2. FIR 6n
Though the 6.9 mm total flux density of FIR 6n is smaller
than those of the other compact sources in this region, FIR 6n
seems to contain an active protostar. FIR 6n drives a bipolar
outflow in the east–west direction (Richer 1990; Chandler &
Carlstrom 1996; Alves et al. 2011). The 4.5 µm image indeed
shows emission structures on both east and west sides of FIR 6n
(Figure 2). The 4.5 µm emission may be tracing the outflow, es-
pecially the outflow emitting in the H2 line (Smith et al. 2006).
The H2O maser position of FIR 6n coincides with the 6.9
mm continuum position within ∼0.′′1 (Figure 3; Genzel &
Downes 1977; also listed as FIR 5 in Table 3 of Furuya et al.
2003). The peak velocity of the maser in the 1995 and 1996
epochs coincides with the ambient cloud velocity. By contrast,
the maser detected in 1999 February was at a different velocity,
redshifted by ∼5 km s−1 (Furuya et al. 2003). The H2O maser
is probably related with the outflow activity of FIR 6n.
The SED of FIR 6n (Figure 5(a)) is shallow in the (3.6 cm,
6.9 mm) section (α ≈ 0.6) and steep in the (6.9 mm, 0.87 mm)
section (α ≈ 2.2). This SED suggests that the 3.6 cm continuum
mostly comes from free electrons and that the 0.87 mm contin-
uum comes from dust. The 6.9 mm flux is probably a combina-
tion of both. The available data are too little to assess the dust
properties.
5.2. FIR 5
The morphology of the dense gas in the NGC 2024 FIR 5
region appears more complicated than that of FIR 6. Lai et al.
(2002) made a detailed image of the FIR 5 region in the 1.3
mm continuum with a good sensitivity and uv coverage. They
found that the FIR 5 core is separated into three components:
Main, NE, and SW (also see Alves et al. 2011). The 6.9 mm
image (Figure 1(b)) shows the FIR 5 Main component only. Lai
et al. (2002) resolved the Main component into seven clumps.
Only the two brightest ones, FIR 5w and 5e, were detected in
the 6.9 mm continuum. The projected separation between them
is 4.′′9 (2000 AU).
5.2.1. FIR 5w
FIR 5w is the brightest millimeter continuum source among
the YSOs in the imaged region. Several lines of evidence, in-
cluding the highly collimated outflow (Richer et al. 1989, 1992;
Alves et al. 2011), suggest that FIR 5w contains an active pro-
tostar.
The 6.9 mm image (Figure 1(b)) shows that FIR 5w is clearly
an extended structure. A two-dimensional Gaussian fit gives a
deconvolved source size of FWHM = 2.′′2 × 1.′′5 (910 × 620
AU2) with P.A. = 52◦. The 6.9 mm source size is in good agree-
ment with that of the 0.87 mm source (Alves et al. 2011).
Figure 5(b) shows the SED of FIR 5w. The SED in the (3.6
cm, 0.87 mm) section is steep (α ≈ 2.7) and steady, suggesting
that the 6.9 mm emission mostly comes from dust. The SED is
steep even in the (3.6 cm, 6.9 mm) section (α ≈ 2.6), which
suggests that a significant fraction of the 3.6 cm flux may also
come from dust.
With the SED of the dust component, the mass of circum-
stellar molecular gas can be estimated using Equation (1) of
Chandler & Carlstrom (1996) and the mass emissivity given by
Beckwith & Sargent (1991). In the (6.9 mm, 0.87 mm) section,
the SED gives an opacity index of β ≈ 0.6. Assuming a dis-
tance of 415 pc to the source and a dust temperature of 30 K
(Anthony-Twarog 1982; Chandler & Carlstrom 1996), the cir-
cumstellar gas mass of FIR 5w is M = 0.6 ± 0.3 M⊙, which
may include the inner protostellar envelope and the disk. For
comparison, the mass of FIR 5w derived by Alves et al. (2011)
is 1.09 M⊙, and the mass of the FIR 5 envelope within a 14′′
beam derived by Visser et al. (1998) is 5.1 M⊙.
As discussed above, the 3.6 cm emission may not come from
ionized gas, which suggests that the radio thermal jet of FIR
5w, if any, may be very weak. This lack of evidence for radio
jet is surprising because FIR 5w drives a very well collimated
molecular jet (Richer et al. 1992; Alves et al. 2011).
5.2.2. FIR 5e
The nature of FIR 5e is less clear than that of FIR 5w. There
is so far no known outflow driven by FIR 5e. Millimeter and
submillimeter interferometric images (Lai et al. 2002; Alves et
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al. 2011) show that FIR 5e appears like a local peak on a struc-
ture extended from FIR 5w. The submillimeter polarimetry of
Alves et al. (2011) showed that the polarization direction of FIR
5e is roughly perpendicular to that of FIR 5w, which suggests
that FIR 5e may be an object with its own geometrical config-
uration, separate from that of FIR 5w. Detailed understanding
of the FIR 5w–5e system would require high-resolution images
in the mid/far-IR bands, but the bright nebulosity hampers the
detection of these sources (Figure 2).
The steep SED of FIR 5e (Figure 5(b)) in the millimeter
range and the non-detection at 3.6 cm suggest that most of the
6.9 mm emission comes from dust. In the (6.9 mm, 0.87 mm)
section, the SED gives an opacity index of β ≈ 1.1. Using the
procedure and parameters described in the previous section, the
mass of the dense molecular gas traced by the interferometric
observations is 0.5± 0.3M⊙. For comparison, the mass of FIR
5e derived by Alves et al. (2011) is 0.38 M⊙.
6. SUMMARY
The NGC 2024 FIR 5/6 region was observed using the VLA
in the 6.9 mm continuum, with an angular resolution of ∼1.′′5,
to image the circumstellar structures of the YSOs. In addition,
an archival data set was analyzed to investigate the H2O emis-
sion sources associated with the YSOs. The main results are
summarized as follows.
1. The 6.9 mm continuum maps show compact emission
sources associated with the YSOs as well as an extended emis-
sion structure of the ionization front SCP. To reduce the un-
wanted effect of the SCP on the neighboring areas, the imaging
process was optimized by limiting the uv space. In the opti-
mized map, four compact sources were detected: FIR 5w, 5e, 6c,
and 6n. The projected separations are 2000 AU for the FIR 5w–
5e system and 1600 AU for the FIR 6c–6n system. The source
sizes are ∼760 AU for FIR 5w and ∼150 AU for FIR 6c. The
size of FIR 5e could not be determined well because it is weak
and located near FIR 5w. FIR 6n is unresolved.
2. The H2O maser data show that both FIR 6c and 6n exhibit
maser activity. The H2O maser source associated with FIR 6c
is relatively weak, and the peak velocity is blueshifted by ∼20
km s−1 with respect to the ambient cloud velocity. The maser
source associated with FIR 6n is strong, and the peak velocity
is very close to the ambient velocity.
3. The SED of FIR 6c is steep around 6.9 mm and flat near
1 mm, and the break of slope may be around 3 mm, which is
similar to the SED of HC H II regions. If FIR 6c is an HC H
II region, i.e., a compact region of hot ionized gas heated by
a massive YSO and confined by a dense molecular cloud, the
emission measure is ∼5 × 1010 pc cm−6, and the electron den-
sity is ∼8 × 106 cm−3. If this HC H II region is powered by a
single object, the central object may be a B1 star with a lumi-
nosity of ∼5800 L⊙ and a mass of ∼13 M⊙.
4. The SED of FIR 6n suggests that the 6.9 mm continuum
may be a mixture of free–free emission and dust continuum
emission. The bipolar outflow and strong H2O maser suggest
that FIR 6n contains an active protostar.
5. The 6.9 mm continuum of FIR 5w seems to come from
thermal dust emission. The mass of the circumstellar gas is∼0.6
M⊙. Though FIR 5w was suggested to be the driving source of
a strong molecular jet, there is no evidence for detectable H2O
maser or radio thermal jet.
6. The nature of FIR 5e is relatively less clear. If it is a YSO,
the mass of the circumstellar gas is ∼0.5 M⊙.
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